Antioxidant defenses in the neonatal lung are required to adapt to the oxygen (O 2 )-rich post-natal environment, and oxidant/antioxidant imbalance predisposes to lung injury when high inspired O 2 concentrations are used in neonatal lung diseases. The lung's main extracellular enzymatic defense against superoxide, extracellular superoxide dismutase (EC-SOD), is closely regulated during development. In testing the hypothesis that developmental change in EC-SOD expression and activity in the immature lung would be disrupted by hyperoxia we found doubling of lung EC-SOD protein in newborn rats exposed to 95% O 2 for 1 week. Furthermore, EC-SOD protein secretion increased but EC-SOD enzyme activity did not change with O 2 exposure. EC-SOD mRNA did not change at multiple points between 6 hours and 8 days. Lung EC-SOD recovered by immunoprecipitation after 1 week of O 2 showed strong increases in protein nitrotyrosine and variable, non-significant differences in protein carbonyl content. These data provide the first direct evidence that EC-SOD is itself a target of nitration in hyperoxia, and offer a plausible explanation for low EC-SOD activity despite its increased secretion by O 2 -exposed neonatal lung.
Introduction
The neonatal lung requires adequate antioxidant defenses to adapt to the oxygenrich post-natal environment. In development, multiple antioxidant enzymes, including catalase, glutathione peroxidase, and superoxide dismutases (SOD), must be regulated in the lung (1) (2) (3) (4) (5) . In premature infants, deficient antioxidant defenses contribute to the development of chronic lung disease of the newborn (6) (7) (8) . In full-term infants, oxidative stress also contributes to lung injury due to diseases such neonatal pneumonia or persistent pulmonary hypertension of the newborn, particularly where treatment requires high inspired oxygen concentrations to support gas exchange. This condition increases production of reactive oxygen species (ROS), which contribute to lung injury. However, general antioxidant therapy, i.e. anti-oxidant vitamins or enzyme replacement, has not been successful in preventing chronic lung disease after acute neonatal lung injury in baboon studies or human trials (9) (10) (11) . Therefore, more specific manipulations of antioxidant/oxidant balance or improved antioxidant targeting in the neonatal lung will be needed to improve therapy for these diseases.
Among the lung's major anti-oxidant defenses are the three known SOD isoforms, ) in airways and pulmonary vasculature (18) .
EC-SOD is highly expressed in extracellular matrix of blood vessels and lung 3 parenchyma as well as in the extracellular fluids (15, (19) (20) (21) (22) . The localization of EC-SOD to the extracellular matrix requires the presence of a heparin-binding domain, which undergoes proteolytic cleavage during biosynthesis and under oxidant conditions (5, (23) (24) (25) (26) (27) (28) .
In experimental animals, including adult and neonatal mice, EC-SOD activity protects against the effects of pulmonary oxygen toxicity. Adult mice overexpressing human EC-SOD in alveolar type II cells and bronchial epithelial cells have decreased mortality after three days of hyperoxia, while EC-SOD knock-out mice exposed to hyperoxia have increased lung injury and mortality (29, 30) . EC-SOD over-expression also protects the developing lung in newborn mice exposed to chronic hyperoxia (31) . In adult mice, Oury et al recently demonstrated that exposure to hyperoxia disrupts the oxidant-antioxidant balance in the lung by depleting EC-SOD in the alveolar region (27) .
In this study, we hypothesized that hyperoxia disrupts normal developmental changes in EC-SOD expression and activity in the immature lung. We tested this hypothesis in newborn rat pups administered > 95% O 2 continuously for one week and , therefore, disrupting EC-SOD expression in hyperoxia would promote both oxidative and nitrosative stress in the lung. To determine if EC-SOD protein is modified in hyperoxia, we isolated the enzyme from lungs of oxygen-exposed and control rat pups, and evaluated EC-SOD function and protein oxidation and nitration.
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Methods
Animal Model and Oxygen Exposures
Animal studies were approved by the Duke Institutional Animal Care and Use Committee. Timed pregnant Sprague-Dawley rats (250-300 g) were obtained during late gestation (Charles River Laboratories, Charles River, NJ). Newborn rats were assigned randomly to receive air or 95% O 2 exposure for up to one week. Nursing dams were alternated between air and O 2 -exposed litters every 24 hours to prevent maternal oxygen toxicity (31) . After the exposures, the animals were euthanized with intraperitoneal pentobarbital (150 mg/kg). Lungs from control and oxygen-exposed pups were harvested at 6 hours, 24 hours, 2 days and 1 week. Control lung tissue was also obtained from adult male rats.
ECSOD Expression
Protein (40 µg) from lung homogenates were analyzed under denaturing and reducing conditions by immunoblot using a polyclonal EC-SOD peptide antibody as previously described (5) . Blots were re-probed with β-actin to confirm equal protein loading. Immunohistochemical analysis for EC-SOD localization using the same EC-SOD antibody was performed on inflation-fixed paraffin-embedded lung tissue from 1-week-old control and oxygen-exposed rat pups (5) . Tissue sections were photographed using a 40x objective for final magnification of x100. Immunoblots were also probed with mouse monoclonal eNOS (NOS III) or iNOS (NOS II) IgG antibody (1:500) (BD, Lexington, Ky) to examine changes in NOS expression; and rabbit polyclonal Cu,Zn 5 SOD or mouse monoclonal MnSOD IgG (1:1,000) (RDI, Flanders, NJ) to measure changes in intracellular SOD isoforms.
EC-SOD mRNA Expression
Total RNA was isolated from the lung and EC-SOD mRNA amplified by reversetranscriptase polymerase chain reaction (RT-PCR) as described (32) . Rat EC-SOD sense and anti-sense primers were designed by MacVector to span the intron-exon 3 coding region of rat EC-SOD (sense, 5' GAA CCT CAG CCA TGG TGG 3'; anti-sense, 5'
GCT TAA GTG GTC TTG CAC 3') (Roche Molecular Biochemicals, Indianapolis, IN).
EC-SOD amplicons were normalized to 18S ribosomal RNA amplicons (Quantum RNA 18s, Ambion, Austin, Tx).
EC-SOD activity levels
Extracellular SOD was separated from intracellular SOD (Cu,Zn SOD and Mn SOD) by concavalin A-sepharose chromatography, and EC-SOD activity was measured by inhibition of cytochrome c reduction at pH 10.0 as described (13) .Lungs of three pups were pooled for each value.
Oxidation of EC-SOD Protein
EC-SOD was immunoprecipitated from one week air and oxygen-exposed lungs Intergen, Purchase, NY). Negative controls were not exposed to DNPH. Samples were transferred to PVDF membrane by a Slot Blot manifold system or analyzed by immunoblot (Amersham BioSciences, Piscataway, NJ) and the membrane was probed with an anti-DNP antibody. Details are outlined in online supplement.
Nitration of EC-SOD Protein
EC-SOD was immunoprecipitated from one-week air and oxygen-exposed lungs and transferred to PVDF membrane by a Slot Blot manifold system. Nitration of immunoprecipitated EC-SOD (5 ug) was determined by detection of nitrotyrosine using a polyclonal anti-nitrotyrosine antibody (Upstate Biotechnology, Lake Placid, NY).
MnSOD and Cu,ZnSOD were also immunoprecipitated from the lungs of one-week old animals exposed to air or oxygen and probed for nitrotyrosine as indicated above.
Reagents
Reagents, unless specified, were obtained from Sigma Chemical (St Louis, Mo).
Data analysis
Data were expressed as means ± SEM. Comparisons were made by unpaired t-test for RT-PCR and Western blot data or by two-way ANOVA for activity data followed by Fisher PLSD test using Statview software (SAS Institute, Cary, NC).
Results
Effects of hyperoxia on EC-SOD expression in immature rat lungs. EC-SOD protein
migrates as a ~30 kDa doublet on SDS-PAGE. The two bands represent full length uncleaved EC-SOD monomer and cleaved EC-SOD after proteolytic removal of the heparin-binding domain. The immature rat lung contained predominantly cleaved EC-SOD, and protein expression increased strongly in control rats from two days to adult (Fig. 1A) . Lung EC-SOD protein expression was similar at two days in neonatal control and oxygen-treated rats (p > 0.05 by unpaired t-test, n=4) (Fig. 1B) , but EC-SOD protein expression increased two-fold from age-matched control levels after 1 week of oxygen exposure (p < 0.05 by unpaired t-test, n=4) (Fig. 1C) . After 1 week of oxygen-exposure, both the full-length and cleaved EC-SOD monomer increased. A small amount of EC-SOD (<10%) remained as a ~60 kD dimer despite strong reducing conditions. EC-SOD dimer increased at 1 week of oxygen along with the observed increase in EC-SOD monomer (not shown). In contrast to EC-SOD, eNOS protein expression on immunoblots of lungs of 1-week-old control or oxygen exposed rat pups was variable with no statistical change relative to baseline expression (p > 0.05 by unpaired t-test, n=4) (see Figure E1 of online data supplement). iNOS was not detectable in rat pup lung (data not shown). MnSOD tended to increase at 2 days of oxygen exposure (p=0.12, n=4), but was not statistically different from control lungs after 8 days (p > 0.05 by unpaired t-test, n=4) (see Figure E2 in the online data supplement). Cu,ZnSOD expression did not increase with oxygen at 2 or 8 days (p > 0.05 by unpaired t-test, n=4) (see Figure E3 in the online data supplement).
In lungs of 1-week-old control rat pups, EC-SOD by immunohistochemistry was still predominantly localized to the intracellular compartment of airway epithelial and alveolar epithelial cells (arrowhead). After 1 week of oxygen-exposure, there was also prominent staining of the extracellular matrix (long arrow) ( Fig   2) . Although O 2 exposure increased EC-SOD protein expression and its extracellular secretion after one week, there was no corresponding increase in lung EC-SOD mRNA expression. EC-SOD mRNA expression was similar at 6 h, 24 h, 2 days and 1 week of oxygen exposure (Fig 3) .
Effects of hyperoxia on EC-SOD protein activity in immature rat lungs. EC-SOD
activity was measured in control and oxygen-treated neonatal lungs. The rat lung showed a small but significant increase in EC-SOD activity between two days of birth and adulthood (Table 1) . Although lung EC-SOD protein expression and secretion increased in neonatal lungs after 1 week of hyperoxia, oxygen exposure did not increase EC-SOD enzyme activity in the lung (Fig. 4) .
Modification of EC-SOD protein by hyperoxia.
We examined whether a lack of increased EC-SOD activity in the setting of increased protein levels following 1 week of oxygen-exposure was associated with EC-SOD protein modification by oxidation, nitration or both. Lung EC-SOD protein was immunoprecipitated and analyzed for protein carbonyl and nitrotyrosine content. Analysis of protein carbonyl content using the Oxyblot kit demonstrated statistically similar signals in EC-SOD protein with or without hyperoxia due to wide variability in oxygen-treated animals (Fig. 5A ). The relative densitometry of the protein carbonyl signal was 1.00 ± 0.03 for control lung vs.
1.32 ± 0.27 for lung from 1-week oxygen-exposed rats (p>0.1 by unpaired t-test, n=3).
Protein carbonyl formation in adult rats treated with oxygen also lacked statistical differences from control rats (n=3, data not shown). Western blot analysis for protein carbonyls in EC-SOD from oxygen-exposed rat pups showed a strong doublet ~ 30 kDa, 9 indicating oxidation of EC-SOD monomers with a faint signal at 60 kDa representing oxidized EC-SOD dimer (Fig 5B) . This confirmed that immunoprecipitation of EC-SOD did not co-precipitate other proteins that could interfere with the signal for EC-SOD on slot blot. While oxidation of EC-SOD did not consistently increase with hyperoxia, EC-SOD was a target of protein nitration. A strong increase in nitrotyrosine staining was present in EC-SOD immunoprecipitated from oxygen-exposed lungs (Fig. 6) . The relative densitometry of the nitrotyrosine signal was 0.99 ± 0.15 for control lung vs. 1.50 ± 0.02 for lung from 1-week oxygen-exposed rats (p<0.05 by unpaired t-test, n=3). Cu, ZnSOD and MnSOD of lungs of 1-week oxygen-exposed rat pups also showed nitrotyrosine staining which was also highly variable with no statistical signal increases compared to control lungs (see Figures E4 and E5 of online data supplement).
Discussion
We tested the hypothesis that hyperoxia disrupts developmental changes in EC-SOD expression and activity in the immature rat lung and found new evidence that this extracellular antioxidant enzyme protects against pulmonary oxygen toxicity. It is known that neonatal animals are more resistant to oxygen toxicity than adults (33) , and EC-SOD overexpression protects against pulmonary oxygen toxicity in adult and neonatal mice (29, 31) . We know that active EC-SOD secretion is regulated in developing lung, and after prenatal hypoxia, EC-SOD activity is decreased by a post-translational mechanism(s) (5, 32) . In this study, we report that although EC-SOD protein content and extracellular secretion increase in neonatal rat lung with oxygen exposure, the enzyme's activity does not increase. This discordance between EC-SOD expression and Prolonged exposure of rat pups to hyperoxia for 1 week strongly increased EC-SOD protein content in the lung and enhanced EC-SOD expression in the extracellular compartment as determined by immunohistochemistry. Cleaved and uncleaved EC-SOD monomers were both detected in the lungs. In contrast, exposure to oxygen for shorter periods did not alter EC-SOD protein content of neonatal rat lungs. The changes in EC-SOD protein expression with hyperoxia appear to be specific for neonatal lung, as adult mice exposed to oxygen for 72 hours had decreased EC-SOD protein content of both lung and bronchoalveolar lavage fluid (27) . Furthermore, EC-SOD protein expression also decreased in lungs from adult rats exposed to 1 week of 95% O 2 (data not shown). Agedependent responses to hyperoxia also have been reported for other antioxidant enzymes.
We did not detect changes in MnSOD or Cu,Zn SOD protein expression with 2 or 8 days of oxygen exposure. In other studies, adult rats transiently increase lung catalase expression at 24 hours of oxygen exposure, while neonates exposed to the same oxygen treatment show a delayed but sustained increase in catalase at 72 hours (35) . The increase in EC-SOD expression in neonatal animals likely contributes to the increased resistance to oxygen toxicity of the immature lung.
In this study, EC-SOD protein content in neonatal lung increased with 1 week of hyperoxia, but neither neonatal nor adult animals show changes in EC-SOD mRNA expression at early or late time points. While oxygen upregulates mRNA expression for some genes by activating oxygen-sensitive transcription factors, this mechanism does not appear to regulate EC-SOD gene expression in hyperoxic rat lung. The increase in protein expression without concomitant changes in mRNA may be a result of an increase in mRNA stability, translation, or protein stability, which we did not investigate.
Despite the increase in EC-SOD protein content and extracellular secretion in the oxygen-exposed neonatal rat lung, it was notable that EC-SOD activity did not increase in the whole lung. Interestingly, we previously noticed discordance between EC-SOD expression and enzymatic activity in neonatal rabbit lung. In the developing rabbit lung, EC-SOD mRNA decreased with age, while EC-SOD activity increased by 6 fold (5, 32).
The increased EC-SOD activity was correlated with stable total protein levels but with increased secretion of EC-SOD to the extracellular matrix. In 1-week-old rabbits, secretion of lung EC-SOD was delayed by pre-natal hypoxia (32) , while in this study, post-natal hyperoxia enhanced extracellular EC-SOD secretion in 1-week-old rat lungs.
However, the ability to increase extracellular secretion of EC-SOD in response to hyperoxia was not accompanied by greater whole lung enzyme activity. The mechanism regulating oxygen-dependent secretion of EC-SOD has not yet been determined. In adult mice, discordance between stable mRNA and decreased protein expression and activity after hyperoxia was attributed to post-translational proteolytic cleavage of EC-SOD protein at the heparin-binding domain with depletion of EC-SOD in airways (27) .
Exposure to bleomycin in mice, which produces pulmonary fibrosis, also enhances proteolysis of the EC-SOD heparin-binding domain with loss of protein from lung (28) .
In this study, however, the latter mechanism did not appear to account for low EC-SOD activity, because EC-SOD protein expression increased with hyperoxia, and the increase included both cleaved and full-length uncleaved EC-SOD monomers. We therefore production, which will enhance reactive nitrogen species production, such as peroxynitrite. This can occur due to loss of SOD activity or to an increase in NO production (18) . Different NOS isoforms appear to respond differently to hyperoxia. In two immature models, 3-day-old and 3-week-old rats exposed to 95% oxygen showed 13 increased lung eNOS and iNOS (36, 37) . In adult rats, long exposures (28 days) increased eNOS and iNOS expression, while short exposures (4-72 hours) did not change eNOS expression (38, 39) . In our neonatal rat study, NOS expression did not increase, suggesting new nitrotyrosine formation was due primarily to inadequate O 2 -scavenging.
Reactive nitrogen species can inhibit activity of multiple antioxidants including SOD (Cu,Zn and Mn), catalase and glutathione peroxidase (40) . The mitochondrial SOD, MnSOD is inactivated in vitro and in disease by specific tyrosine nitration (41-45).
However, SOD nitration, as seen with bacterial FeSOD, does not always alter enzyme function (46); therefore, the effects of EC-SOD nitration site on enzyme activity will require further study. Our data are the first direct evidence that EC-SOD itself is a target of nitration in hyperoxia, which provides a plausible explanation for low neonatal lung activity despite increased production and secretion of EC-SOD with oxygen-exposure.
The evidence that EC-SOD protects the lung against oxygen toxicity is substantial and multiple studies have shown that neonatal lungs are relatively resistant (29, 31, 33, 47, 48) . The distinct differences we found in EC-SOD response of neonatal rats in hyperoxia could contribute significantly to this relative resistance. In adults, lung EC-SOD protein expression decreases with oxygen exposure (27), while we found in neonatal rat lung that oxygen enhances EC-SOD protein secretion. EC-SOD activity did not increase with greater protein expression, but the lung did not lose EC-SOD activity as it does in adult mice, and thus it may be able to better provide protection against oxygen toxicity. These findings have important implications for understanding extracellular oxidative stress and factors that influence differential susceptibility to lung disease in developing and mature mammals. 
Detection of Protein Carbonyl
Oxidative modification of EC-SOD was determined by the detection of protein carbonyl formation using the Oxyblot kit (OxyBlot, Intergen, Purchase, NY). Amersham BioSciences, Piscataway, NJ). Negative controls were not exposed to DNPH.
Detection of Nitrotyrosine
Modification of EC-SOD by reactive nitrogen species such as peroxynitrite was measured by the detection of nitrotyrosine in immunoprecipitated EC-SOD protein.
Samples were eluted with 40ul of SDS-PAGE sample buffer (0.5M Tris-HCL, 10% SDS) and heated at 95°C for 2 minutes. Immunoprecipitated protein (5 µg) was transferred to PVDF membrane by slot blot. Membranes were probed for nitrotyrosine using a polyclonal rabbit immunoaffinity purified IgG anti-nitrotyrosine antibody (0.5 µg/ml)(1/5000) (Upstate Biotechnology, Lake Placid, NY). The blot was then probed with a secondary goat anti-rabbit IgG antibody (1:5000)(BD Transduction Laboratories, San Diego, CA) conjugated to horseradish peroxidase. Blots were developed by enhanced chemiluminescence.
Figure E1
Western blot analysis of eNOS expression in control and oxygen-exposed (A) 2 day and (B) 8 day rat pups. eNOS protein expression in lungs of 1-week-old control or oxygen exposed rat pups on immunoblot was highly variable with no statistical increase compared with baseline expression (p > 0.05 by unpaired t-test, n=4)
Figure E2
Western blot analysis of MnSOD expression in control and oxygen-exposed (A) 2 day and (B) 8 day rat pups. MnSOD tended to increase at 2 days of oxygen exposure (p=0.12 n=4), and was statistically similar to control lungs after 8 days of oxygen (p > 0.05 by unpaired t-test, n=4)
Figure E3
Western blot analysis of Cu,ZnSOD expression in control and oxygen-exposed (A) 2 day and (B) 8 day rat pups. Cu,ZnSOD expression did not increase with oxygen exposure at 2 or 8 days (p > 0.05 by unpaired t-test, n=4)
Figure E4
Slot blot analysis of nitrotyrosine staining in MnSOD immunoprecipated from control and oxygen-exposed 8 day rat pups. MnSOD immunoprecipitated from lungs of 1-week oxygen-exposed rat pups also showed nitrotyrosine staining which was highly variable with no statistical increase in the signal compared with control lungs.
Figure E5
Slot blot analysis of nitrotyrosine staining in Cu,Zn SOD immunoprecipated from control and oxygen-exposed 8 day rat pups. Cu, Zn SOD immunoprecipitated from lungs of 1-week oxygen-exposed rat pups also showed nitrotyrosine staining which was also highly variable with no statistical increase in the signal compared with control lungs. 
